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The purpose of this work was to determine the impact of a flue gas recirculation 
(FGR) on the furnace temperature and the solids suspension in a 966MW th 
supercritical circulating fluidized bed (CFB) boiler. A performance test on a 
1296t/h supercritical CFB boiler was carried out for 80% unit load at high level of 
bed pressure (ca. 7.0kPa) and also under excess air ratio in the range of 1.21-
1.30. Furthermore, the recirculation flue gas mass flow (20.5 mn
3·s-1) and the ratio 
of secondary air to the primary air (0.11-0.33) were considered as experimental 
variables. Measurement data for FGR test run was compared with data from the 
others tests. Whereas flue gas recirculation into CFB furnace, the vertical 
temperature profile had quasi-linear character as opposed to air staging test 
runs. A significant difference (ca. 560 times) in the suspension density between 
the grid zone and the upper part of the furnace was observed.The results 
obtained from this work remain in agreement with the experimental data for the 
CFB boilers. 
INTRODUCTION  
Circulating fluidized bed boilers are commonly used to facilitate high-efficiency 
air-firing of fossil fuels with biomass in heat and power generation industry. The 
distributions of temperature and solids concentration are key parameters for 
proper operating CFB boilers. It is well known that, these parameters directly 
affect on bed hydrodynamics(1,2), combustion(3), the heat transfer(4,5) and 
pollutant emissions (6,7) in fluidized bed combustors. The most commonly 
method used to an equalization of temperature furnace profile is flue gas 
recirculation (FGR). In the case of oxy-fuel combustion technology, an external 
flue gas recirculation is the most widespread option for controlling of the adiabatic 
flame temperature (8). Temperature is a very important parameter which can 
cause some problems of uncontrollable slag formation and fouling of the heating 
surfaces. However, FGR can play a negative role in a relation to flame stability, 
combustion efficiency and content of unburned carbon in the bottom ash. Main 
advantage of oxy-fuel combustion technology with flue gas recirculation is a 
possibility to reduce CO2 and NOx emissions from coal-fired fluidized bed 
combustion. More information and a number of review articles about oxy-fuel 
technology is described by Buhre et. al (9). 
In this work, the objective of this study was an assessment of effect of FGR on 
the temperature and suspension density profiles inside the furnace chamber at 
the two excess air ratio levels. Measurements were carried out for three 
representative conditions, one with and others without flue gas recirculation into 
combustion chamber. All test runs were performed on 966MW th supercritical CFB 
boiler, fueled with Polish bituminous coal. Combustion process based on flue gas 
recirculation into the circulating fluidized bed boiler was easy to implement for 
control of the heat transfer conditions inside the furnace. The multi-pollutant 
control during combustion process with FGR was not considered in the present 
paper. 
 
DESCRIPTION OF THE TEST FACILITY 
A schematic of the supercritical CFB facility is shown in Figure 1. The CFB unit is 
designed to generate 1296t/h of steam, at 27.5MPa and 560°C with feedwater 
temperature of 289.7°C. Unlike typical second generation circulating fluidized bed 
combustion systems, CFB unit is equipped with a vertically tubed BENSON 
evaporator, which is a new supercritical steam technology. Detailed information 
with respect to the supercritical steam generation technology is precisely 
described by (10). Besides, the boiler consists of the following systems: (i) 
furnace chamber; (ii) solids separators; (iii) INTREXtm integrated heat 
exchangers; (iv) low temperature flue gas heat recovery system. The furnace 
cross section dimensions are 27.6m  10.6m, deep and wide respectively. The 
supercritical CFB boiler has a height 48m and a thermal capacity of 966MWth.  
 
 
Figure 1. Schematic layout of utility supercritical CFB boiler 
(SH – superheater, RH - reheater). 
The bottom part up to 9.0m height, the walls are covered with refractory lining. 
On the bottom of combustion chamber is a fluidization grid with nozzles of 













The supercritical CFB boiler is equipped with eight solids separators, four along 
both sidewalls. Separators are made of membrane walls, which are covered with 
a thin layer of erosion-resistant refractory. The solids return legs leading to the 
INTREXTM chambers integrated with the furnace sidewalls has a similar refractory 
lined design. In the INTREXTM chambers the heat is transferred from circulating 
material to the final superheater and reheater stages. In the sloped section of the 
right and left walls, there are openings for bed material return from the INTREXTM 
chamber, feeding points for fuel and sorbent, make-up sand and recirculation fly 
ash. Flue gas recirculation (FGR) system allowed to descrease high steam 
enthalpy at the evaporator outlet by leading cold flue gas to furnace chamber and 
transferring excess heat to back pass (i.e. convection section) of the boiler. 
During normal FGR system operation, cold flue gas is led to furnace chamber 
through the start-up burners. In the sloped section of combustion chamber above 
grid, the start-up burners are located on both sidewalls (3+3pcs at the left wall & 
right wall) and rear/front wall (2+2pcs at front & rear wall), respectively. Cold 
recirculated flue gas decreases both the furnace temperature and the heat 
transfer in section of evaporator. A part of the heat transfer is shifted from 
furnace chamber to convection section. Cleaned flue gas after the Induced-
Draught fans are used to FGR system. 
 
EXPERIMENTAL CONDITIONS 
A performance test on a 1296t/h supercritical CFB boiler was carried out jointly 
by Czestochowa University of Technology and Tauron Generation, including the 
measurement of pressure and temperature within combustion chamber. The 
measurements of pressure along the height of combustion chamber was 
measured between 0.2m and 42.4m above primary air distributor level. Because 
of foreseen high vertical pressure gradient of bed material in the bottom part of 
combustion chamber, in this area measurement ports were densely spaced. The 
temperature inside furnace chamber was measured by thermocouples of type K 
with ±0.1°C accuracy, in direct contact with the gas-solid suspension flow. 
Temperature measurements were collected in 10 measuring ports located 
between 0.25m and 48.0m from the grid. Thermocouples signals were 
transferred via an A/D converter to a hard disk of PC for recording. DASYLab 
software was used to archive measured results during all test runs. The sampling 
interval of signals was selected at frequency 100kHz. Temperature signals were 
collected during sampling time of 5s for each the test run. The local 
measurement data from the large-scale supercritical CFB boiler are presented as 
30 sec averages. Both pressure and temperature data were measured in the 
centre-line of the front wall, because the variation across the wall is small, 
approximately 0.05kPa and 7.3°C for pressure and temperature respectively. 
Therefore, it was assumed that the centre-line values are representative for the 
height where they were collected. Before performance tests lasting eight hours, 
the operating conditions of the CFB combustor were stabilized for four hours. 
When stable operating conditions in the CFB combustor were achieved, four 
measurement series were conducted. One measurement serie was generally run 
for ca. 2 hours. During test runs the process parameters were maintained at 
steady conditions. The main parameters of the data process for supercritical CFB 
boiler during all test runs is given in Table 1. 
All the data were collected on-line and the arithmetic average values were used 
in this work. The fuel used in experiments is Polish bituminous coal and the 
proximate and ultimate analysis data are given in Table 2. 
Table 1 Operating range of the 1296 t/h CFB boiler during the tests. 
Operating parameter Unit Range of variation 
Superficial gas velocity, Uo m·s
-1 3.89-4.93 
Terminal velocity, Ut m·s
-1 1.41-1.56 
Minimum fluidization velocity, Umf m·s
-1 0.00723-0.00738 
Ratio of secondary air to the primary air, SA/PA - 0.11-0.33 
Pressure drop, p kPa 7.08-8.25 
Furnace temperature, Tb °C 842-881 
Suspension density, b kg·m
-3 2.12-1202 
Flue gas recirculation mass flow, mrec mn
3·s-1 20.5 
Flue gas temperature, TFG °C 123 
Flue gas recirculation rate, mFGR % 44.3 
 
Table 2 Bituminous coal characteristic on performance tests 
Ultimate analysis 









Cad, carbon wt.% 52.32-55.04 Qar, caloric value MJ/kg 20.11-21.53 
Had, hydrogen wt.% 4.10-4.56 Var, volatile matter wt.% 25.87-28.64 
Oad, oxygen wt.% 5.93-6.63 Aar, ash wt.% 11.55-14.87 
Nad, nitrogen wt.% 0.73-0.84 Mar, total moisture wt.% 11.81-19.13 
Sad, sulfur wt.% 0.9-1.17    
 
RESULTS AND DISCUSION  
The local measurement data from the large-scale supercritical CFB boiler are 
presented as 30sec averages. The furnace temperature within combustion 
chamber was in the range from 738°C to 923°C during all test runs. Registered 
furnace temperature was in the range of typical temperature for CFB boilers. 
Figure 2 shows the temperature distribution within the furnace chamber at the 
different three test balances and relative height of furnace. 
 
Figure 2. Temperature distribution versus furnace height  
in a 1296t/h supercritical CFB boiler. 




























Dimensionless temperature scale, [-]
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Whereas flue gas recirculation into CFB furnace, the vertical temperature profile 
had quasi-linear character as opposed to air staging test runs. The reason for 
those were: (i) effect of secondary air in the bottom region of combustion 
chamber, where the main fuel was burned out, (ii) impact of heat transfer surface 
(i.e. superheater SH II) in the upper region of combustion chamber. Detailed 
temperature data for all test runs are given in Table 3.  













°C °C °C·m-1 
FGR test at SA/PA ratio = 0.33 12.25 842 1.71 
SA/PA ratio = 0.11 21.15 846 1.90 
SA/PA ratio = 0.33 114.63 831 3.85 
 
It shows that the relative differential temperature inside the furnace chamber was 
varied between 12°C and 114°C on average. Relative temperature difference 
was referred to maximum furnace temperature during FGR test. The lowest 
relative temperature difference within combustion chamber was observed at FGR 
test run. In the bottom part of the combustion chamber (i.e. dense phase) existed 
meaningful temperature gradients and ranged from 2.12°C·m-1 to 3.79°C·m-1 on 
average. In the dilute phase of solids suspension density, temperature gradient 
varied between 1.49°C·m-1 and 2.16°C·m-1. Therefore, the flue gas recirculation 
ensured optimal conditions for thermal NOx reduction and desulphurization 
process inside combustion chamber. Both equalization of furnace temperature 
profile and variation of fluidizing gas density about 8% on average influence on 
drag coefficient increase and longer residence time for sorbent particles inside 
furnace.  
 
Figure 3. Pressure distribution versus furnace height  
in a 1296t/h supercritical CFB boiler. 


















































The variation of the furnace pressure with vertical distance from nozzles of 
primary air are shown in Figure 3. The furnace pressure decreased with the 
increase in the furnace height. It can be see that the area of zero pressures was 
recognized in the upper region of the combustion chamber (i.e. a dilute region). 
Detailed pressure data for all test runs are given in Table 4. When a 1296t/h 
supercritical CFB boiler was operated at 80% unit load, the area of zero pressure 
was found 27.4m distance from the grid. Flue gas recirculation not affected on 
pressure gradient inside furnace chamber for the same value of SA/PA ratio.  











kPa kPa kPa·m-1 
FGR test at SA/PA ratio = 0.33 8.08 2.46 0.19 
SA/PA ratio = 0.11 7.08 2.47 0.17 
SA/PA ratio = 0.33 8.25 2.19 0.20 
 
On the other hand, the average furnace pressure was higher about ca. 11% as 
opposed to air staging test at high level of SA/PA ratio. The highest pressure 
gradient inside combustion chamber were recorded in the dense phase just 
above the grid (i.e. 1.00-1.30kPa/m) and the lowest pressure gradient were 
measured in the upper part of the furnace with a dilute phase of solids (i.e. 0.02-
0.05kPa/m). Moreover, it can be seen that maximum pressure drop in 
combustion chamber was kept at the level of 8.25kPa. The furnace pressure data 
above dense phase of solids were on the same level for all test runs. On the 
basis of these pressure data, the distributions of pressure within furnace chamber 
remain in agreement with the typical pressure fluctuations for the CFB boilers.  
The average solids suspension was calculated from measured static pressure 
drops along the height of combustion chamber. The suspension density profiles 
inside furnace chamber are shown in Fig. 4 and the values of suspension density 
are referred to maximum value. During all test runs, suspension density in the 
dilute region was varied between 2.13kg·m-3 and 3.43kg·m-3. On the other hand, 
a suspension density in the dense region ranged from 946kg·m-3 to 1202kg·m-3. 
In the bottom bed regime in a circulating fluidized bed boiler, the bed inventory is 
characterized by the highest suspension density and high turbulence coefficient, 
especially during the FGR test run. It is widely recognized that suspension 
density is strongly correlated with  the furnace chamber height. 
A significant difference (ca. 560 times) in the solid suspension density between 
the grid zone (i.e. dense region) and the upper part of the furnace (i.e. dilute 
region) was observed. In the transition zone (i.e. above the furnace height of 
sloping), the maximum difference in the solid suspension density (ca. 422 times) 
between FGR test and air staging tests was observed. The flue gas recirculation 
almost not affected on furnace solid density profile in the bottom zone 
immediately primary air distributor level. A very uniform density of gas-solids 
phase was found above 18m the distance from the grid at 80% unit load for FGR 
test and air staging test (SA/PA=0.33). The higher solid suspension density to 
results from a higher concentration of particles in bottom zone of furnace (i.e. 
1202kg·m-3) and a difference in the fluidizing gas density (ca. 7.6%) as opposed 
to air staging test runs.  
 
Figure 4. Solid suspension density profiles in a 1296t/h supercritical CFB boiler. 
 
CONCLUSIONS 
This work presents the experimental results of a 1296t/h supercritical CFB boiler 
with flue gas recirculation. The tests show that the impact of flue gas recirculation 
on furnace temperature and suspension density profiles inside furnace chamber. 
When a 1296t/h supercritical CFB boiler was operated with flue gas recirculation, 
vertical temperature profile had quasi-linear character as opposite to air staging 
tests. The lowest relative temperature difference within combustion chamber was 
observed at FGR test run. The measurement temperature data for FGR test run 
confirm significant effect of the flue gas recirculation on equalization of furnace 
temperature profile (i.e. temperature gradient) inside combustion chamber.Flue 
gas recirculation not affected on pressure gradient inside furnace chamber for the 
same value of SA/PA ratio. On the other hand, average furnace pressure was 
higher about ca. 11% as opposed to air staging test at high level of SA/PA ratio. 
During all test runs, the bed inventory is characterized by the highest suspension 
density and high turbulence coefficient. Suspension density was strongly 
correlated with height of furnace chamber. Obtained results prove that a 
significant difference in solid suspension density along furnace height was 
observed. The highest difference in solid suspension density (ca. 123%) between 
FGR test and others test was reached at the middle of the furnace chamber. It 
was as result of difference in the fluidizing gas density as opposed to air staging 
tests. These effects have to be taken into account in the design process of 
circulating fluidized bed combustion system and the whole power plant. The 
results obtained from this work remain in agreement with the experimental data 
for the industrial CFB boilers. 
 
SYMBOLS AND ABBREVIATIONS  
ad – air dried 
ar – as received 
mFGR – flue gas recirculation rate, % 
mrec – flue gas recirculation mass flow, mn
3·s-1 































Relative suspension density, [-]
Umf – minimum fluidization velocity, m·s
-1 
Uo – superficial gas velocity, m·s
-1 
Ut – terminal velocity, m·s
-1 
PA – primary air, - 
SA – secondary air, - 
Tb – furnace temperature, °C 
TFG– flue gas temperature, °C 
p – pressure drop, kPa 
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